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The rapid growth in the number of large wind farms has raised serious concerns 
about their effects on existing radar systems. The large size and rotational movement of 
the turbine blades can give rise to significant Doppler clutters, which interfere with the 
detection of moving targets such as aircraft and storms.  A previous Air Force study has 
collected and analyzed the time-varying radar cross section resulting from the blade 
rotation of a single 1.5 MW turbine.  However, multiple interactions taking place in a 
turbine were not studied in detail.  Multiple interactions could play an important role in 
the propagation of radar signals through wind farms. 
This thesis sets out to more closely examine the various Doppler features resulting 
from the scattering due to a single turbine. Backscattered and forward scattered data are 
measured at Ku-band from various wind turbine models using a motorized turntable in 
 vi 
the laboratory. The tested models include a 1:160 scale model turbine, a 3-arm wire 
model turbine, and a small wind turbine from Bergey Windpower with 2’ blades. The 
data are processed based on the short-time Fourier transform in order to relate the 
resulting time-varying Doppler features to various scattering mechanisms. The 
experimental findings are corroborated by simulations performed using the Numerical 
Electromagnetics Code (NEC).  Furthermore, we propose a post-processing general 
method to reduce the intensity of the turbine scattered data.  This method is applied to 
filter out simulated Doppler clutter from two different simulation techniques.  First, the 
method is applied to remove the simulated Doppler clutter from the point scatterer model.  
Next, the algorithm is applied to simulated backscattered data generated using a high-
frequency ray tracing code, Ahilo. 
 vii 
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Chapter 1  
Introduction 
 
Wind energy is becoming an increasingly attractive option in today’s world that is 
searching for alternative energy sources to reduce greenhouse gas emission.  The world’s 
wind energy supply has steadily increased in the past several years.  With increasing 
interest in the wind energy arena, the number of wind farms worldwide can be expected 
to increase dramatically in the near future.  This clean energy source can provide a 
solution to a potential future energy crisis and can possibly lead to cleaner air for current 
and future generations.  With these benefits however, this new technology has also been 
observed to hinder performance of existing communications and radar systems.   
The growth in the number of wind farms has raised concerns in the 
electromagnetic community due to the electromagnetic interference caused by wind 
turbines.  Wind turbines have been known to interfere with television signals due to their 
large structure [1-4].  Also, their size and relative spacing may potentially cause deep 
electromagnetic shadows behind the wind farms.  These effects may potentially hinder 
the ability of air traffic control and air defense radars in detecting objects flying inside the 
shadow region, and have been investigated in [5-15].  Moreover, the rotation of the 
turbine blades can produce Doppler frequencies of more than 2.5 kHz in the C-band and 
higher frequencies, which can coincide with the Doppler returns of aircrafts.  This 
frequency overlap can make differentiating the Doppler from the turbine blades and an 
aircraft a very difficult task for air traffic control and air defense radars.  Recently, wind 
farms have also caused concerns in the weather radar community [16-18].   
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The most ambitious and comprehensive investigation to date was carried out by 
the Air Force Research Lab (AFRL), in a study commissioned by the US Congress in 
2006 [11-15].  The AFRL collected in-situ measurements of a single 1.5MW turbine on a 
wind farm in Fenner, NY.  In their work, the AFRL successfully established the validity 
of the computational electromagnetics (CEM) code, X-patch, to model the returned signal 
from wind farms in order to avoid future field measurements.  The most significant 
backscattering feature was found to be the blade flashes when the blades are oriented 
perpendicular to the radar line-of-sight.  At all other positions of the blades, the blade tip 
was observed to trace a sinusoid in the spectrogram as it rotated. These results are quite 
similar to helicopter rotor blades, whose Doppler characteristics have been well studied 
previously [19-21]. In addition to these prominent features, other Doppler tracks were 
also observed in the data. They are potentially caused by higher-order multiple 
interactions, but were not fully explained. Furthermore, only the backscattered data of a 
single turbine was taken. The transmission blockage effect due to the wind turbine was 
not characterized in the study, which would have required a one-way forward scattering 
measurement with the transmitter and receiver being positioned on the two sides of the 
turbine.  
The primary objectives of this thesis are to understand the Doppler characteristics 
of wind turbines in detail.  Close examination of the Doppler characteristics of a single 
turbine is presented.  The secondary objective is to devise a method to mitigate the 
backscattered Doppler clutter from the turbines in order to better observe the Doppler 
tracks from a moving target behind a wind farm.  The algorithm developed for this 
purpose is in its early stage and has been tested only on simulated data. 
 Chapter 2 sets out to more closely examine the various Doppler features resulting 
from the scattering by a single turbine using a series of scaled model measurements.  The 
 3 
tested models include a 1:160 scaled model turbine, a 3-arm wire model, and a small 
wind turbine from Bergey Windpower with 2’ blades.  The results of the 1:160 scaled 
model turbine are discussed first.  It is shown that our scaled model measurements 
captured the essential Doppler features observed in [11-15].  Next,  multiple scattering 
effects observed in the wire model turbine and the forward Doppler arising due to 
multiples scattering are described.  We also report on the near field effects resulting from 
close spacing between the radar and the model turbines.  The Doppler features resulting 
due to the unique shape of the Bergey wind turbine blades are discussed.  Finally, the 
effects of the presence of a moving target behind a turbine on the resulting Doppler 
features are analyzed. 
 Chapter 3 discusses a technique to mitigate the strength of the radar cross section 
(RCS) signal received from the wind turbines.  A moving target behind a wind farm can 
be very hard to observe due to its weaker signal relative to wind turbines.  We propose a 
set of basis function that closely match the RCS of the wind turbine and perform an 
iterative subtraction of the projection of our basis function onto the received signal.  This 
iterative subtraction method can reduce the intensity of the turbine return, thus making 
possible the tracking of moving targets behind the wind farm.  This algorithm is applied 
to the backscattered signal generated from a large size wind turbine obtained using Ahilo, 
which is a newly developed software that uses high-frequency ray tracing to calculate the 








Multiple Scattering Studies on Scaled Turbine Models 
 
This chapter presents the close examination of the Doppler features in wind 
turbines through a series of scaled model measurements. Both backscattered and forward 
scattered data are measured at Ku-band from various wind turbine models undergoing 
rotation. The tested models include a 1:160 scale model turbine, a 3-arm wire model, and 
a small wind turbine from Bergey Windpower with 2’ blades. Detailed accounts of the 
physics behind the observed phenomena including multiple scattering, near field effects, 
and blade shape effects are presented. We first report on the results of the 1:160 scaled 
model turbine and show that our scaled model measurements capture the gross Doppler 
features observed in [11-15].  We then describe the multiple scattering and near field 
effects observed in the wire model turbine. The experimental findings are corroborated 
by simulations performed using the Numerical Electromagnetics Code (NEC). For 
forward scattering, it is shown that Doppler features can only arise due to multiple 
scattering. Next, the Doppler features in the Bergey Windpower turbine are reported. Its 
blade shape effect is discussed.  Finally, analysis of Doppler features of the wire model 
with a target moving behind the model is presented.  
 
2.1   Methodology  
A vector network analyzer (Agilent N5230A) was used to collect measurement 
data in continuous wave (CW) mode at 14 GHz. For the 3-arm wire model and the 
Bergey Windpower turbine, the data was collected for 65.5 seconds, which corresponds 
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to one rotational period of our turn-table, while the sampling rate was set at 22Hz. The 
data were sampled for a total of 1441 points.  The 1:160 scaled model turbine is driven by 
a motor with a period of 1.67 seconds. Therefore, data were collected for 5 seconds at a 
sampling rate of 160 Hz which corresponds to 800 total sampled points.  The 
intermediate frequency (IF) bandwidth was set at 200 Hz for the 1:160 model and 30 Hz 
for the other two models.  The instrument dictates that the IF bandwidth must be greater 
than the pulse repetition frequency.  However, higher IF bandwidth results in higher 
noise level in the collected data.  Therefore it was set at the minimum values allowed.  
Two horn antennas, separated by 4m, were set facing each other and the turbine under 
test was placed in between, 2 m from each horn. Both S11 and S21 parameters were 
measured for each turbine model.  We also performed background subtraction for each S-
parameter to reduce the effects of reflection within the horn and direct coupling between 
the horns, which give rise to a very strong zero-Doppler component. The complex 
scattering data for each parameter was processed using the short-time Fourier transform 
(STFT).  
Unlike with the conventional Fourier transform, the STFT is a good tool to 
capture the time-varying Doppler characteristics of a signal [28].  Eq. 2.1 gives the 
mathematical representation of the STFT:   
 
  (eq. 2.1) 
 
The short-time Fourier transform takes the Fourier transform of the original time domain 
signal, x(t), multiplied with a sliding finite window function, w(t). 
For the discrete time case, the continuous independent variables in (eq. 2.1) are 
replaced with discrete indexes as evident in (eq. 2.2): 
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  (eq. 2.2) 
    
The discrete form of the STFT takes Fourier transform of a short-time segment of a 
signal and assigns the magnitude of the result to the time value corresponding to the 




Fig. 2.1. Graphical illustration of the discrete short time Fourier transform 
 
where x[n] is the discretized signal.  The window function shown in the red dashed curve 
determines the amount of signal being sampled and the resulting Fourier transform of the 
segment is assigned to the time value at the black dashed line.  The window function is 
next slid to the right and this process is repeated.  Adjacent windows may overlap in the 
sliding.  This process is iterated until the STFT of the complete signal is obtained.  The 
magnitude of the resulting function is referred to as the spectrogram.  The spectrogram is 
plotted on a 2-D time-frequency plot to obtain the Doppler characteristics of the signal as 
a function of time.  A large time window leads to worse time resolution but better 
resolution along the frequency dimension.  This relationship between time and frequency 
is swapped for the case of small time window.  The size of the time window should be 
roughly comparable to the periodicity of the signal in order to capture the instantaneous 
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time-varying frequency characteristics of the signal.  Under this consideration, a time 
window of 0.4 second is used to process the 1:160 scaled model turbines and a 6-second 
window was used for the other two models.  
 
2.2   DOPPLER FEATURE ANALYSIS  
2.2.1   The 1:160 Scaled Model 
Fig. 2.2(a) shows the 1:160 scaled model turbine (Model Power No. 1583). Each 
blade is 12 cm in length. The turbine was covered with aluminum tape during the 
measurement to enhance the strength of the received signal. Fig.2.2(b) shows the 
resulting spectrogram from the measured backscattered data at 90° yaw angle (edge-on 
incidence). Clearly seen are the blade flashes that occur at every 60° turn of the turbine. 
The flashes alternate between positive Doppler (as a blade moves toward the radar) and 
negative Doppler (when the next blade recedes away from the radar). In addition, a set of 
weaker, sinusoidal Doppler tracks can be observed. They are due to scattering from the 
blade tips and are labeled as “tip halo” in the figure. As the yaw angle is changed from 
90° to 0° (nose-on), the amount of Doppler shift decreases, as the radial velocity of the 
blades with respect to the radar is decreased. It should be pointed out that, since the 
model measurement was conducted at 14GHz for the 1:160 scaled model, the results here 
should correspond to a real turbine at only 14GHz/160=0.0875GHz. Nevertheless, when 
compared to the data from a full-scale 1.5 MW turbine collected between 1 to 10GHz by 
AFRL in [11-15], the same key features are observed.  A sample of the measured and 
simulated data by AFRL is shown in Fig. 2.3.  The blade flashes and tip halos seen in the 







Fig. 2.2. 1:160 scaled model turbine measurements. (a) Photo of the model 
turbine. (b) Backscattered spectrogram after STFT processing. 
 
 
Fig. 2.3. AFRL measurement and Xpatch simulated results on a 1.5MW turbine. 
(a) Measurment. (b) Predicion. 
 







Fig. 2.4 illustrates the effects of the yaw angle on the resulting Doppler features.  
The backscattered data is collected at 16 GHz.  In Figs. 2.4 (a), (c), and (e) the blades are 
assumed to be rotating towards out of the page and the arrow represents the direction of 
incident ray on the turbine blades.  In the corresponding spectrogram, the maximum 
Doppler can be seen to decrease with decreasing yaw angle.  This effect is the result of 
the decrease in the radial velocity of the blades towards the radar.  Generally, the 
backscattered maximum Doppler from blades is given by 
 
      (eq. 2.3) 
where vr is the radial velocity of the blades towards the radar and   is the incident wave 
length.  The velocity vr can be written as 
 
      (eq. 2.4) 
where v is the maximum rotational velocity of the blades and   is the yaw angle.  This 
equation shows that decreasing yaw angle causes a decrease in the maximum resulting 
Doppler.  Figs. 2.4 (b), (d), and (f) show this transition for 90, 45, and 0 degree yaw 


























Fig. 2.4. Yaw angle effects at 16GHz, blades rotating in the plane coming out of 
page. (a) 90° yaw.  (b) Backscattered spectrogram for 90° yaw. (c) 45° yaw.  (d) 
Backscattered spectrogram for 45° yaw. (e) 0° yaw.  (f) Backscattered spectrogram for 0° 
yaw. 
 
2.2.2   3-Arm Wire Model  
Next we constructed a 3-arm wire model that is 5 times longer than the 1:160 
scaled model and investigate its Doppler scattering features. The electrical length of the 
blade at 14 GHz is 30  .  Longer blades more closely model the size of real turbines at 
common frequencies.  It also leads to better resolution of the scattering phenomenology 
in the resulting spectrogram.  While the structure chosen is quite simplistic, its scattering 
can be examined in closer detail by building up the structure one wire arm at a time. 
Furthermore, the measurement results can be verified through simulations using NEC. 
(e) (f) 
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The simulations are performed with the same settings as described for the measurements 
and are processed in the same manner as well. 
We start by analyzing the scattered data from a single blade. Figs. 2.5(a) and 
2.5(b) show the spectrograms from the backscattered and forward scattered data 
simulated using NEC. Figs. 2.5(c) and 2.5(d) are the corresponding measured results. The 
simulation and measurement results are plotted over the same dynamic range, although 
the absolute level of the measurements was not calibrated. Several new features are noted 
in addition to the blade flashes and tip halos discussed previously. First, we see from the 
backscattered spectrogram in Fig. 2.5(a) an additional sinusoid track that is in phase with 
the tip halo (labeled as (i)). This additional track is due to a traveling wave along the wire 
from the tip to the hub, and vice versa, as illustrated in Fig. 2.6(a). The blade in Fig. 
2.6(a) rotates clock-wise and the bottom end of the blade is the center of rotation. 
Therefore, the two traveling waves along the wire in Fig. 2.6(a) experience a path length 
change versus time that is only half as large as the direct scattering due to the top tip. 
Hence this interaction results in a Doppler track with a maximum Doppler shift equaling 
half that of the tip halo.  As a note, the slight overshoot in the flash seen in Fig. 2.5 (c) is 














Fig. 2.5. Single-arm wire model. (a) NEC-simulated backscattering. (b) NEC-













Fig. 2.6. Illustration of Doppler-inducing mechanisms seen in Fig. 2.5. (a) 
Backscattering mechanism (i). (b) Forward scattering mechanisms (ii) and (iii). 
 
For the forward scattering case, the sinusoidal tracks labeled (ii) and (iii) in Fig. 
2.5(b) are the results of the multiple interactions illustrated in Fig. 2.6(b). In the 
interaction labeled as (ii), the wave experiences a decrease in path length as a function of 
time since the top tip moves toward the transmitter. However, in traveling down to the 
base of the wire and toward the receiver, no additional path length change is encountered. 
Therefore, this interaction gives rise to a sinusoid that has a positive Doppler shift with 
maximum equal to half that from the tip halo backscattering. The case labeled as (iii) Fig. 
2.6(b) gives rise to a negative sinusoidal peak since the wave experiences an increase in 
path length as a function of time as it travels from the top tip to the receiver. We note that 
while the Doppler features in backscattering arise from both single and multiple 
scattering, forward Doppler can only result from multiple scattering interactions. Any 
single scattering phenomenon will result in only zero Doppler contribution in the forward 
direction.  
Lastly, we observe that the blade flashes in the backscattering data in Figs. 2.5(a) 
and 2.5(c) are tilted. In this case, the NEC simulation is carried out with a near-field 
(a) (b) 
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source and receiver.  This step is taken in order to emulate the measurement setup. As a 
result, the specular reflection occurs at different times for different points on the blade, 
which leads to the slanted shape of the flashes. Near field effect is also the reason behind 
the sinusoidal Doppler tracks in the forward scattering (features (ii) and (iii) in Fig. 
2.5(b)) not being exactly 180° out of phase. Indeed, for a plane wave excitation the blade 
flashes become straightened, Fig. 2.7(a), and the forward Doppler tracks are perfect 




Fig. 2.7. Single-arm wire excited by a plane wave. (a) Backscattering (b) Forward 
scattering. 
 
The spectrograms of the backscattered and forward scattered data for the 
complete 3-arm wire model are shown in Fig. 2.8. Figs. 2.8(a) and 2.8(b) show the 
spectrograms from respectively the backscattered and forward scattered data simulated 
using NEC. Fig. 2.8(a) shows that in addition to the intra-blade backscattering interaction 
seen for a single blade, we also observe an additional sinusoidal track, whose maximum 
(a) (b) 
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Doppler value is labeled (i) in Fig. 2.8(a). Fig. 2.9(a) shows the turbine position at which 
this track peaks and the mechanism giving rise to it is illustrated. Fig. 2.9(a) also explains 
why this track peaks on the opposite side of the blade flash. The two blades involved in 
the interaction are at 30° to the horizontal, hence the maximum Doppler value of /v . 
The mechanism behind the track labeled (ii) in Fig. 2.8(a) is explained in Fig. 2.9(a) and 


















Fig. 2.8. 3-Arm wire model. (a) NEC-simulated backscattering. (b) NEC-
simulated forward scattering. (c) Measured backscattering. (d) Measured forward 
scattering. 
 
In the forward scattering spectrogram in Fig. 2.8(b), we also see inter-blade 
interactions that result in a maximum Doppler shift of /3v  along with the tip-to-base 
interaction described earlier, which gave rise to a maximum Doppler of only /v . In 
Fig. 2.8(b), the Doppler tracks labeled (iii) and (iv) are illustrated in Fig. 2.9(b).  We 
notice that while tip-to-base interaction tracks peak when the blade is perpendicular to the 
incident wave, tip-base-tip interaction peaks when the blades are 60° to the horizontal. 
Because of the three bladed symmetry of the structure, the tracks for the backscattered 
data change signs every 60° while forward scattered Doppler tracks are repeated after 
every 60° rotation.   
Figs. 2.8(c) and 2.8(d) are the corresponding measured results.  They show fair 
agreement with the simulations.  While we clearly see the tip-to-base interaction in Fig. 
(c) (d) 
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2.8(a), the weak tip-base-tip interaction seen in Fig. 2.8(b) does not show up very clearly.  
The reason for the absence of the tracks is the difficulty in replicating the exact 
simulation set up and due to insufficient signal-to-noise in the measurement.  We also 
examined potential turbine-ground interactions by placing a large metal plate next to the 





Fig. 2.9. Illustration of additional Doppler-inducing mechanisms seen in Fig. 2.4. 
(a) Backscattering mechanisms (i) and (ii). (b) Forward scattering mechanisms (iii) and 
(iv). 
 
2.2.3   Bergey Windpower Turbine  
Following the findings on the 3-arm wire model, we measured a small 
commercial wind turbine that is the same size as the wire model.  The blades of the 
turbine are manufactured from carbon fiber material.  The experimental setup is shown in 
Fig. 2.10 while the turbine is shown in Fig. 2.11(a).  Interestingly, covering the blades by 
aluminum tape did not significantly increase the measured strength of the scattering.  The 
backscattering, shown in Fig. 2.11(b), shows two interesting features that are distinct 
(a) (b) 
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from the previous two models, namely, curved flash shape and uneven spacing between 
the flashes.  They are attributable to the unique shape of the turbine blades as can be seen 
in Fig. 2.11(a).  The forward scattering spectrogram is shown in Fig. 2.11(c).  Although 















Fig. 2.11. (a) Photo of the Bergey Windpower turbine. (b) Measured 





To understand the irregular flashing behavior in the backscattering, we consider a 
simpler model comprising triangular-shaped turbine blades shown in Fig. 2.12. In Fig. 
2.12, the blades are assumed to rotate clockwise. For this simple model, the edge of the 
triangular turbine blade does not become perpendicular to the radar in the orientation 
shown in Fig. 2.12(a), but at   degrees later (where 2  is the inscribed angle of the 
blade). This results in a delayed flash, as marked by the first black line in Fig. 2.12(c). 
The next flash also does not occur in the position shown in Fig. 2.12(b) but at   degrees 
earlier. Therefore the interval between two flashes is decreased by 2 . On the other 
hand, the next interval is lengthened by 2 . Fig. 2.12(c) illustrates this effect. The blue 
flashes shown are normal equally spaced flashes that are 60° apart. The black flashes 
shown are from a triangular shaped blade occurring in the angular intervals described 
above. Note that even for a small   value of 15°, the adjacent flash spacing becomes 
30°-90° instead of 60°-60°, i.e., to an interval ratio of 1:3 instead of equally spaced. This 













Fig. 2.12. Blade shape effect based on a simple triangular blade model. (a)   
degrees before a blade flash occurs. (b) After 60 degrees of rotation. (c) Resulting 
irregular blade flashes as shown in black. 
 
2.3   Moving Target Behind the 3-Arm Wire Model  
The previous sections provides with valuable insights into the Doppler features 
from the turbine models only.  This section presents the effects on the resulting Doppler 
of a constant velocity moving target behind the turbine.  The target starts at about 200  
from the center of rotation of the wire and moves to within 100   of the center.  It travels 
a physical distance of 2 m in one full rotation of the turbine.  Fig. 2.13 shows the 
(c) 
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Fig. 2.13. Spectrogram of a single rotating blade with a moving target behind. (a) 
Backscattering (b) Forward scattering. 
 
The backscattering, Fig. 2.13 (a), contains the blade flash, the tip halo and the tip to hub 
return discussed previously.  Moreover, it also contains a constant Doppler track at 3 Hz 
and two very weak slightly asymmetric out of phase sinusoids centered about the 
constant Doppler track.  The constant Doppler is the result of the motion of the moving 
target while the sinusoids are the results of the multiple interactions between the blade 
and the target.  The mechanism giving rise to this interaction is shown in Fig. 2.14(a).  As 
shown in Fig. 2.14(a), the sinusoids are the result of the rays that return from the target, 
travel along the wire, and return to the receiver.  The path that the waves encounter after 
returning from the target is the exact path that forward Doppler causing waves encounter 
for the case of a single rotating blade.  This explains the sinusoidal shape of tracks.  The 
shift by 3 Hz is due to the earlier interaction between the wave and the target behind the 
(b) (a) 
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wire.  In the forward scattering, the multiple interaction between the target and wire result 
in tracks resembling backscattering from a single blade as evident in Fig. 2.14 (b).  Also, 
the sinusoids in 2.13(a) are slightly asymmetric and the flashes in Fig. 2.13 (b) are tilted.  





Fig. 2.14. Illustration of additional Doppler-inducing mechanisms seen in Fig. 
2.13. (a) Backscattering mechanisms (i) and (ii). (b) Forward scattering mechanisms (iii). 
 
Fig. 2.15 shows the Doppler tracks between a mover and full 3-arm wire model.  
The backscattering shows the forwards scattering resembling tracks due to the mover-
turbine interaction.  The interaction labeled (i) is the result of the wave that travels back 
from the target and subsequently encounters the inter-blade multipath interaction shown 
in Fig. 2.16(a).  The interaction labeled (ii) in 2.16(b) is not clearly seen in Fig. 2.15(a) 
because these Doppler tracks coincide with the much stronger and closely pack Doppler 
features of the turbine blades.  Finally, the mover-turbine forward interaction leads to 
Doppler track that resemble backscattering.  The mechanism labeled (iii) in Fig. 2.16(b) 
explains the presence of the negative flash in the spectrogram.  The positive flashes are 
(a) (b) 
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not clearly seen for the same reason that interaction (ii) is not seen in Fig. 2.15(a).  Fig. 
2.15 demonstrates that the Doppler arising from a radar signal propagating through a 




Fig. 2.15. Spectrogram of complete 3-arm model with a moving target behind. (a) 




Fig. 2.16. Illustration of additional Doppler-inducing mechanisms seen in Fig. 







A Signal Filtering Technique to Remove Doppler Clutters Caused by 
Wind Turbines 
  
In Chapter 2, the Doppler clutter produced by turbines was analyzed in detail.  
With the physics of the Doppler clutter well understood, this chapter provides a 
preliminary investigation into the filtering of the Doppler clutter caused by wind turbines 
so that real moving targets can be more easily detected.  Previously, a filtering technique 
has been investigated by utilizing a multiquadratic interpolation technique to filter out the 
turbine clutter [22].  Other possible mitigation measures including signal processing, 
active signal cancellation, and RCS reduction using stealth material have been discussed 
by [23-26].  Also, removing helicopter rotor effects have been investigated by Wang et 
al. to filter out time-varying Doppler signals in [27].  In this chapter, a simple physical 
model of the turbine scattering is used to filter out the Doppler signal.  The simulated 
RCS from the physical model can be used as the basis function to represent the signal 
from the turbine blade.  Proper strength coefficient for the basis function can be found by 
projecting the basis function onto the turbine return signal using a process analogous to 
finding Fourier series coefficients.  The resulting function can be subtracted from the 
turbine signal to reduce in strength or eliminate the turbine tracks in the spectrogram.   
In this chapter, first, the scattering from blades is modeled using point scatterer 
similar to the models presented in [21] and [28].   It will be shown that, barring the weak 
higher order interactions, its time-frequency characteristics very closely resemble that of 
an actual turbine.  Next, the method to obtain the strength coefficients for the basis 
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function is described. Following on, an iterative subtraction is performed on the return 
signal using the basis function.  This method is applied to the point scatterer and Ahilo 
simulated data to demonstrate its effectiveness in reducing the strength of the turbine 
return signal. 
 
3.1  Point Scatterer Model  
Mathematically, the signal from a single rotating point scatterer about a fixed 
center can be written as: 
 
    (eq. 3.1) 
where  k is the propagation constant, R is the distance of the point particle from the center 
of rotation,   is the angular velocity, and   is the phase angle.  It will be shown that as 
the spacing between the point particles is decreased, the backscattered signal more 
closely resembles the signal from a single turbine blade’s rotation.  The close spacing of 
the point particles can be modeled by eq. 3.2 
 
   (eq. 3.2) 
Equation 3.2 can model the signal from a signal blade, where the index m controls the 
linear spacing of point scatterers.  Eq. 3.2 can be modified to account for the signal from 
an arbitrary number of blades by adding an additional index which controls the angular 
spacing between the blades as shown in eq. 3.3 
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  (eq. 3.3) 
Fig. 3.1 slowly builds up a full turbine using eq. 3.3.  In Fig. 3.1(a), M is set to 1 while N 
is set to 3 and each scatterer is separated by the other by a 120 degrees phase angle.  
More point scatterers are gradually added, in other words M is increased, which 
decreases the linear spacing between the point particles.  When the linear spacing 
between the scatterers becomes  /2, Fig. 3.1 (f), we observe the flashes and tip halos 
seen in the turbine results.  Also, the Doppler features of the results are convergent 
thereafter as M is increased in order to decrease the linear space between adjacent point 


































Fig. 3.1. Gradual build up of the turbine using point scatterer model. (a) 3 point 
particles separated by 120 degrees phase angle (b) M =  2; linear spacing between 
scatterer =  7.5  (c) M = 3; linear spacing between scatterer =  5  (d) M = 6; linear 
spacing between scatterer =  2.5  (e) M = 15; linear spacing between scatterer =   (f) 
M = 30; linear spacing between scatterer =  0.5  (g) M = 60; linear spacing between 
scatterer =  0.25  (h) M = 150; linear spacing between scatterer =  0.1 . 
 




 As seen in the previous section, the point scatterer model is a very suitable 
candidate to represent the signal from a turbine and thus, it can be used as a basis to 
remove the turbine signal.  By knowing the correct angular velocity,  , the starting 
position,  , and the strength of the signal of a turbine, the point scatterer basis will give 
results that closely resemble to the turbine signal.  The correct   and   values for a 
signal can be found computationally by searching over a range of   and  .  The proper 
strength coefficients are found by first normalizing the basis, than projecting the basis 
onto the turbine signal. Subtracting the basis from the turbine signal will eliminate the 
turbine Doppler tracks in the spectrogram.  Mathematically, first the basis is normalized 
as in eq. 4.2, such that the inner product of the normalized basis with itself is 1. 
 
 
        




     (eq.3.5) 
where n represents the basis with a particular   and  .  Now the turbine signal can be 
decomposed into the basis function as follows: 
 
 




  (eq.3.7) 
Therefore, it follows that: 
 




                                          (eq. 3.9) 
and we assume that the cross terms involving the inner product of the basis with 
unmatched subscript are small compared to the case when the projection is onto an 
identical basis function.  This method, also known as the adaptive signal parameterization 
algorithm, searches for the kth basis with maximum projection on the turbine signal [28].  
After finding the maximum projection, the basis can be subtracted from the original 
signal as follows: 
 
        (eq. 3.10) 
For the next iteration, E(t) is replaced with R(t) and the basis is searched again for 
matching   and  .  The next strength coefficient is found in the same manner as 
described above.  The function R(t) is referred to as the residual signal.   
 
3.3   Simulations 
 The method described above is first applied to the point scatterer generated 
turbine blades.  After validating the applicability of this method on point scatterers, the 
method is then applied to simulated data from a computational electromagnetics code. 
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3.3.1  Basis Parameterization Applied to Point Scatterer Data 
 First, the basis parameterization is applied to a single blade.  For the basis 
function, N in eq. 3.3 is set to 1 which corresponds to a single blade.  The spacing 
between the point scatterers is set at  /10, in other words, M = 150.  Fig. 4.1 (a) shows 
the original signal generated using point scatterer model.  The incident frequency is set to 
1GHz, the rotational frequency is 0.5 Hz, and the starting angle is 30 degrees.  The y-axis 
in Fig. 4.1 (b) shows the energy of the signal and the subsequent residuals and the x-axis 
represents the residual iteration.  The energy is defined as: 
 
     (eq. 3.11) 
where R(t) is the residual signal.  At the 0
th
 iteration, R(t) is replaced with the original 
signal E(t).  Thus, the 0
th
 iteration gives the maximum energy in the original signal.    It 
can be seen from Fig. 3.2 that after the first residual iteration, the signal is completely 
subtracted out and the energy of the signal becomes essentially 0. 
 In the next test case, an additional blade with equal rotational frequency but with 
a 90 degree phase angle is inserted into the data.  The resulting spectrogram is shown in 
Fig. 3.3(a).  The strength of both blades in this case is identical.  Fig. 3.3 (b), (c), and (d) 
respectively show the spectrogram after the first three residual iterations.  From Fig. 3.3 
(d), it can be seen that the Doppler tracks are essentially eliminated from the spectrogram 
and the signal contains very little energy.  Moreover, fig 3.4 shows that the energy of the 
signal becomes non-existent if the process of residual subtraction is continued. 
 The analysis described above is now performed on two blades with different 
signal strengths.  The signal strength ratio of the blades is 1:100.  Fig. 3.5 (a) shows the 




 signals respectively.  Finally, Fig. 
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3.6 shows the energy of the signal as a function of residual subtraction and it can be 
concluded that this technique is suitable for subtraction of signals with unequal strengths. 
 
 







Fig.3.3. Basis parameterization applied on a two single blade of equal strength. (a) 
Original simulated data (b) spectrogram after 1
st
 residual subtraction (c) spectrogram 
after 2
nd
 residual subtraction (d) spectrogram after 3
rd


























Fig.3.5. Basis parameterization applied on a two single blade of un-equal strength; 
strength ratio 1:100. (a) Original simulated data (b) spectrogram after 1
st
 residual 
subtraction (c) spectrogram after 2
nd


























Fig.3.6. Residual energy vs. residual iteration (10 iterations). 
 
3.4.1 Backscattered Data Generated Using Ahilo 
In this section, the basis parameterization applied to the point scatterer blades is 
applied to the data obtained using Ahilo.  First, this section presents preliminary 
simulation results obtained from Ahilo using turbines blades generated from simple CAD 
models.  The size of the blades used is comparable to the blades used in realistic turbines.  
Ahilo uses the shooting and bouncing ray (SBR) method [29].  Since SBR is used, no 
multiple interactions resulting from traveling waves are present in the Doppler 
spectrograms.  The first geometry considered is a simple 20 meter long and 1 meter wide 
rectangular strip shown in Fig.3.7(a).  This strip case is analogous to the single blade case 
analyzed in chapter 2.  The strip rotates in left hand sense in the y-z plane and the radar 
rays are incident on the strip as shown in the figure.  Figs. 3.7 (b), (c), (d), and (e) show 
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the resulting RCS and spectrograms at 0.1GHz and 1GHz.  It is observed that RCS has 
the shape of the sinc function and the peak of the function corresponds to the flashes in 
the spectrograms.  Fig.3.7 (b) and (c) are the RCS and spectrogram at 0.1GHz.  The data 






















Fig.3.7. Ahilo results for a rectangular strip. (a) Strip geometry. (b) RCS at 





shown in Fig.3.7 (d) and (e) is sampled finer--every 0.12 degrees-- due to the higher 
incident frequency.  Fig. 3.8 shows the results for three rectangular strips used to model 




Fig.3.8. Ahilo results for a three rectangular strip. (a) RCS at 1GHz. (b) 
spectrogram at 1 GHz. 
 
3.4.1 Basis Parameterization Applied to Ahilo data 
A single strip run result obtained from Ahilo is shown in Fig. 3.9 (a).  The 
incident frequency is set to 1GHz, the frequency of rotation of the strip is 0.99967 and the 
starting angle is 0 degrees.  For the basis function, as in the previous section, N in (eq. 
3.3) is set to 1.  The spacing between the point scatterers in the basis function is  /10.  
With the same parameters as those used to generate the Ahilo results, the point scatterer 
basis’ time-frequency characteristics look as shown in Fig. 3.9 (b).   
(a) (b) 
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 The Ahilo signal is parameterized in the same manner as described earlier and the 
result of the first residual are shown in Fig. 3.10.  From Fig. 3.10 (c), it can be seen that 
the signal is not completely subtracted as was the case with a single blade run in the 
previous section.  This can be explained by the gaps seen in the Ahilo spectrogram at 
0.25 and 0.75 seconds.  At these two instances, the strip in Fig. 3.7 (a) is parallel to the 
RLOS and therefore, perpendicular to the direction of the incident electric field.  
Therefore, no current is induced in the strip.  However, the point scatterer basis fails to 
take this effect into account.  Hence, the original signal is not completely subtracted. 
Since the first residual no longer resembles the basis function, which is due to the basis 
being an approximation of the real signal, the subsequent residuals will not completely be 







 residual subtraction.  Therefore, the basis used can be suitably 
used to eliminate the dominant tracks in the spectrogram.  Fig. 3.11 shows the residual 
energy of the signal as a function of residual iteration.  It is clear that after a large 
reduction in the energy of the signal after the first 2 iterations, the basis is not successful 
in reducing energy of the signal by a significant amount as the number of iteration 
increases. The basis needs to be modified in order to completely remove the Doppler 
tracks from the Ahilo data.  However, it is successful at removing a large and most 











Fig.3.9. Single blade simulation (a) Ahilo (b) point scatterer basis with  /10 










Fig.3.10. Basis parameterization applied on Ahilo data. (a) spectrogram after 1
st
  
residual subtraction (b) spectrogram after 2
nd
  residual subtraction (c) spectrogram after 


























This thesis first investigated the radar scattering from three different wind turbine 
models. Dynamic CW radar measurements were performed in the laboratory and the 
resulting data were analyzed using the short-time Fourier transform to study their 
Doppler scattering features. For the 1:160 scaled model turbine, it was found that our 
measurements captured the gross Doppler features including blade flashes and tip halos 
observed in a large wind turbine reported in [11-15]. For the 3-arm wire model, 
additional multiple scattering and near field effects were observed and interpreted with 
the aid of simulations performed using NEC. It was also found that only multiple 
scattering gives rise to non-zero forward Doppler. For the Bergey Windpower turbine, we 
observed unequally spaced, curved flashes. They are attributable to the unique shape of 
the turbine blade. 
Second, a filtering algorithm to parameterize the signal into basis functions was 
developed and successfully applied to completely eliminate the signal energy of the 
simulated point scatterer data.  This algorithm was next applied to some preliminary 
results generated using the Ahilo software and the dominant signal features were 
successfully removed. 
Future work will improve this filtering algorithm to take account of a moving 
target in addition to the wind turbines in the signal.  The arbitrary motion of the moving 
target will be parameterized by a chirplet basis discussed in [30].   Moreover, the 
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